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A system for the expression and purification of histidine-tagged proteins from plants has been developed using a tobacco
etch potyvirus (TEV)-derived gene vectors. The vectors offered a convenient polylinker and a choice of histidine tagging at
the recombinant proteins’ N or C termini. These vectors were utilized for expression of proteins encoded by beet yellows
closterovirus (BYV). Approximately 4 mg/g of 20-kDa BYV protein was readily isolated from plants systemically infected by
hybrid TEV. In contrast, only minute quantities of 22-kDa BYV capsid protein (CP) histidine-tagged at its N or C terminus could
be purified. Rapid degradation of the recombinant CP has been implicated in its failure to accumulate in infected plants.
Fusion with TEV HC-Pro stabilized the histidine-tagged BYV CP and facilitated purification of the fusion product from infected
plants. This same fusion approach was successfully used with the 24-kDa minor BYV CP. The recombinant proteins were
recognized by histidine-tag-specific monoclonal antibody in immunoblot analysis. These results demonstrate the utility of a
designed series of TEV vectors for expression, detection, and purification of the recombinant proteins and suggest that
intrinsic protein stability is a major factor in a recovery of recombinant proteins from plants. © 1998 Academic Press
INTRODUCTION
Several positive-strand RNA viruses of plants have
been successfully modified to express different reporter
or other foreign proteins (reviewed in Mushegian and
Shepherd, 1995; Scholthof et al., 1996). Generation of
viable interviral hybrids has also been recently achieved
by replacing natural virus genes with their functional
analogs from other viruses (e.g., Donson et al., 1991; De
Jong and Ahlquist, 1992; Giesman-Cookmeyer et al.,
1995; Scholthof et al., 1995). These studies demonstrated
the utility of plant RNA viruses as tools for efficient
systemic expression of a variety of proteins including
those derived from unrelated viruses.
Several important features distinguish potyvirus gene
vectors. Due to their polyprotein expression strategy
(Dougherty and Carrington, 1987; Riechman et al., 1992;
Dougherty and Semler, 1993), the levels of individual viral
proteins are not regulated transcriptionally or translation-
ally, thus avoiding the need for a promoter and leader
and minimizing the chances of recombinational loss of
the insert (cf. Donson et al., 1991; Chapman et al., 1992;
Simon and Bujarski, 1994). Selection for vital mainte-
nance of the contiguous ORF also decreases the prob-
ability of stochastic deletion to result in a viable progeny.
The ability of tobacco etch potyvirus (TEV) to express a
reporter protein as a fusion with TEV helper component
proteinase (HC-Pro, Dolja et al., 1992), or in a free form
(Carrington et al., 1993), has been demonstrated. A ro-
bust production of enzymatically active 67-kDa b-glucu-
ronidase during 20 consecutive cycles of systemic infec-
tion (Dolja et al., 1992), as well as stable propagation of
some beet yellows closterovirus-derived inserts (Dolja et
al., 1997), illustrated TEV tolerance to foreign additions.
Purification of virus-specific proteins is an important
step in their functional characterization. Ideally, virus
proteins should be isolated from a natural host to ensure
proper folding, modification, and biochemical activity. To
facilitate protein isolation from virus-infected plants, we
employ a TEV expression vector and a strategy of histi-
dine-tagging recombinant proteins. To further improve
this vector, a series of TEV cDNA-derivatives has been
engineered. These derivatives offered convenient clon-
ing sites and options including histidine-tagging of the
recombinant protein near its N or C terminus, and its
expression in a free form or as a fusion with TEV HC-Pro
(Fig. 1).
The designed ‘‘TEV tool box’’ was used to express
recombinant proteins encoded by the unrelated beet
yellows closterovirus (BYV). BYV possesses a 15.5-kb
RNA genome harboring nine open reading frames
(Agranovsky et al., 1994; reviewed in Dolja et al., 1994).
The filamentous particles of BYV are assembled from two
types of capsid protein (CP) molecules. The major CP
forms most of the virion, whereas the minor CP (CPm)
forms a short ‘‘tail’’ at one end of the virion (Agranovsky et
al., 1995). In addition, BYV encodes four replication-as-
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sociated proteins (Peremyslov et al., 1998), and several
proteins with obscure functions, including a 20-kDa pro-
tein (p20) (Agranovsky et al., 1991). Comparative study of
the accumulation and recovery of the recombinant BYV
p20, CP, and CPm from plants infected by the hybrid TEV
variants indicated that the rate of protein turnover is
critical for the success in protein isolation. The multiple
uses of the designed expression/purification system for
the functional characterization of desired proteins are
discussed.
RESULTS AND DISCUSSION
Isolation of histidine-tagged BYV proteins expressed
via TEV gene vector
The phenotypes of systemic infections caused by TEV
hybrids expressing BYV p20, CP, and CPm were attenu-
ated, while the levels of virus accumulation varied from
ca. 30–60% of that of the wild-type TEV (Dolja et al., 1997;
and data not shown). The plants infected by these TEV
variants were used to isolate corresponding BYV pro-
teins histidine-tagged at their respective N termini. In the
case of p20, ca. 4 mg of pure recombinant protein per
gram of the leaf tissue was isolated after one cycle of
chromatography (Fig. 2A). This protein was readily rec-
ognized by histidine-tag-specific monoclonal antibodies
in immunoblot analysis (Fig. 2B).
In contrast, only minor amounts of BYV CP and CPm
were isolated from the corresponding infected plants
(data not shown). Since the BYV inserts were stably
retained in the progeny virus (Dolja et al., 1997) and the
expression of BYV CP in plants infected by hybrid TEV
was demonstrated using immunoblot analysis (Fig. 2C,
lane CPN), the low yield of CP and CPm could be due to
a rapid turnover of recombinant BYV proteins. Indeed, an
estimation of the steady-state levels of the TEV and BYV
CPs in infected leaves indicated that BYV CP accumu-
lated to a level ca. 25-fold less than that of TEV CP (Table
1). Given that all proteins of recombinant TEV were ex-
pressed as portions of a polyprotein in equimolar
amounts, this result suggested that BYV CP is unstable
inside the infected cells. The obvious difference between
the status of TEV and BYV CPs in infected cells is that
only TEV CP was able to form virions protecting protein
subunits from degradation. No BYV CP was detected in
virions purified from plants infected by recombinant virus
(Fig. 2C, lane TEV). It is known that proteins that are not
assembled with their cofactors or other protein subunits
tend to be rapidly degraded in plant cells (Callis, 1995).
Assuming that the presence of a histidine tag at the N
terminus of BYV CP could result in misfolding and desta-
bilization of a recombinant protein, the CP-encoding se-
quence was cloned into pTEV-CH to allow histidine tag-
ging near the protein’s C terminus (Fig. 1). The RNA
transcripts derived from the resulting plasmid produced
systemic infection with the phenotype similar to that
described for pTEV-NH derivatives. The protein recovery
from infected plants, however, was not improved in com-
parison to that obtained for CP histidine-tagged at its N
terminus (Fig. 2B, lane CPC and data not shown). Note
that the CPC lane in Fig. 2C corresponds to protein eluted
from the Ni21-NTA agarose, whereas the lane CPN
shows the analysis of a total plant protein extract; be-
cause of that, no direct comparison of protein amounts
should be made.
Since histidine-tagged BYV p20 and TEV HC-Pro
(Blanc et al., 1998) were quite stable in infected plants,
whereas BYV CP tagged at the N or C terminus was
relatively unstable, it seems that the intrinsic protein
structure rather than the presence or location of the
histidine tag was a determinant of protein stability.
Expression of the BYV proteins fused to TEV HC-Pro
An additional gene vector pTEV-F lacking an NIa-pro-
teinase recognition site (Fig. 1) was designed in the
assumption that the fusion of a foreign protein to the
apparently stable TEV HC-Pro could improve protein
stability. In potyvirus-infected cells, HC-Pro is known to
form amorphous cytoplasmic inclusions (De Mejia et al.,
1985), possibly protecting this protein from degradation.
We have previously found that the histidine-tagged TEV
HC-Pro readily accumulated in the plants infected by
corresponding TEV mutant and can be isolated, yielding
20–50 mg of purified protein per 1 g of leaf tissue (Fig. 2B,
lane HCH; Blanc et al., 1998; and data not shown). The
vector pTEV-F was used to insert BYV sequences coding
for CP, CPm, and p20. All three hybrid viruses were
competent in systemic infection.
In accordance with our expectations, expression of
BYV CP fused to HC-Pro produced chimeric protein (CPF,
for CP-Fusion) that accumulated to a level comparable to
that of TEV CP (Table 1), indicating a dramatic increase
in stability of BYV CP after its fusion to TEV HC-Pro. The
CPF was readily purified on Ni21-column, yielding ca. 10
mg of protein per 1 g of infected leaf tissue (Fig. 2A). In
immunoblot analyses, this protein was recognized by
antibodies to TEV HC-Pro, BYV CP, and to histidine tag
TABLE 1
Levels of the TEV and BYV CPs in the Leaves of Tobacco Infected
by Recombinant TEV Variants Expressing BYV CPa
Vector suffix Level of TEV CP (ng/ml) Level of BYV CP (ng/ml)
NH 3.6 6 1.3 0.14 6 0.07
F 5.9 6 1.6 2.1 6 0.3
a Samples were collected from developmentally equivalent nonin-
oculated leaves of four individual plants. The levels of TEV and BYV
CPs were determined by ELISA via comparison with the standard
curves obtained for purified TEV virions and BYV CP mixed with the sap
from noninfected plants.
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(Figs. 2B–2D). In addition to full-size CPF, antibodies to
HC-Pro detected a product the size of HC-Pro, and anti-
bodies to BYV CP detected a product similar in size to
BYV CP (Figs. 2C and 2D). These results suggested that
the junction region in chimeric protein was accessible to
proteolysis.
The BYV CPm and p20 fused to HC-Pro (CPmF and
p20F, respectively) were also successfully isolated from
infected plants (Figs. 2A and 2D). Likewise, we were able
to isolate fusion product possessing the N-terminal do-
main of BYV leader proteinase (L-Pro) (Fig. 2D, lane LFN;
corresponding interviral hybrid L-D1 is described by
Dolja et al., 1997), whereas insertion of full-size L-Pro
ORF into pTEV-F yielded noninfectious transcript (data
not shown). It appears that the fusion strategy is most
useful for the expression of relatively small foreign pro-
teins.
Limited tests of aphid transmissibility of the hybrid TEV
variants revealed a level of transmission similar to that of
the wild-type TEV (T. P. Pirone, personal communication).
This result indicated that the expression of BYV proteins
and minor modification of the HC-Pro amino terminus
(Fig. 1) had no marked effect on aphid transmission of
recombinant TEV.
Conclusions: Multiple applications for histidine
tagging of recombinant proteins
We have demonstrated here a utility of TEV as a vector
for transient expression and purification of histidine-
tagged recombinant proteins from plants. An availability
of different vector designs (Fig. 1) allows one to choose
convenient restriction sites for cloning of the insert, of-
fers alternative locations of the histidine tag, and offers
expression of the protein in a free form or as a fusion
with TEV HC-Pro. The major problem encountered in this
study is a rapid turnover of some recombinant proteins
that affects protein isolation from infected plants. In par-
ticular, we found that each of the two BYV CPs was
relatively unstable after expression from TEV vector pre-
sumably due to misfolding or lack of virion formation.
Since prediction of protein stability in vivo is not yet
achievable (Callis, 1995), the high-yield expression of
desired protein remains a matter of trial and error. The
FIG. 1. Diagram of the TEV genome (top) and nucleotide and amino acid sequences in the wild-type and modified regions of TEV-based vectors
(bottom). The XbaI restriction endonuclease sites used for subcloning and P1-proteinase and HC-Pro cleavage sites are shown above the diagram,
while NIa-proteinase cleavage sites are shown below the diagram. Arrows above the amino acid sequences designate the natural P1-proteinase
cleavage site and the engineered NIa-proteinase cleavage site. The nucleotide sequences specifying restriction endonuclease recognition sites and
amino acid sequences encompassing histidine tag and NIa-proteinase cleavage site are underlined. The numbers of polyprotein-coding triplets
corresponding to wild-type TEV (Allison et al., 1986) are shown below the nucleotide sequences.
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virus-based expression system would be useful for
studying the determinants of protein stability at the or-
ganismal level, as well as for screening mutations affect-
ing the rate of protein turnover. Recent data on plant virus
movement proteins emphasized the importance of pro-
tein turnover and its regulation in virus transport inside
plants (Gal-On et al., 1996; Padgett et al., 1996).
The transient expression of recombinant proteins in
plants can be also used to study their subcellular local-
ization (Oparka et al., 1996) and function in virus-related
(e.g., De Jong and Ahlquist, 1992; Giesman-Cookmeyer et
al., 1995; Scholthof et al., 1995; Dolja et al., 1997) or
cellular processes (Rommens et al., 1995). Histidine tag-
ging of expressed proteins provides a convenient means
for their detection in situ and in vitro using available
monoclonal antibody. Purified histidine-tagged proteins
are useful for antibody generation or for probing protein–
protein or protein–nucleic acid interactions in vitro. In
addition, interviral hybrids represent a promising system
for evolutionary modeling (Koonin and Dolja, 1993) and
for biotechnology risk assessment pertinent to plant vi-
ruses (Falk and Bruening, 1994). Indeed, capture of the
foreign genetic elements via recombination with viral or
cellular RNAs is believed to be one of the major mech-
anisms in the macroevolution of positive-strand RNA
viruses, and the relative biological stability of artificial
viral chimeras offers an experimentally amenable win-
dow into the processes of virus origin.
MATERIALS AND METHODS
Generation of TEV-based gene vectors
Three variants of the TEV-based gene vectors were
engineered using the pTEV-7DAr, a full-length cDNA
clone of TEV described previously (Dolja et al., 1993). The
modifications were introduced into the 59-terminal part of
the HC-Pro-encoding region (Fig. 1) using an intermedi-
ate plasmid pTL7SN.0823CMK (gift of Kristin D. Kass-
chau and James C. Carrington, then at Texas A&M Uni-
versity) that possessed a unique 2.3-kb XbaI–XbaI frag-
ment of TEV cDNA harboring most of the HC-Pro coding
region (Fig. 1). This plasmid was modified via site-di-
rected mutagenesis (Kunkel et al., 1987) to acquire six
histidine codons, a polylinker harboring five restriction
endonuclease sites, and seven codons specifying a syn-
thetic NIa-proteinase cleavage site (Fig. 1). In one of the
resulting plasmids (pTL7SN.0823CMK-NH), the histidine
tag was located upstream from polylinker, whereas in
another (pTL7SN.0823CMK-CH) it was placed down-
stream from polylinker (Fig. 1). A third variant
(pTL7SN.0823CMK-F) lacked the NIa-proteinase cleav-
age site that was replaced with a StuI recognition site
(Fig. 1). The XbaI–XbaI fragments from each of the three
variants were cloned into appropriately digested pTEV-
7DAr, and the orientation of the inserts was determined
by restriction endonuclease and sequencing analyses.
The three full-length gene vectors were designated
pTEV-NH, pTEV-CH, and pTEV-F; the corresponding mod-
ified regions are shown in Fig. 1 along with the wild-type
TEV coding sequence.
The individual BYV ORFs were amplified using reverse
transcription/PCR (RT/PCR) as described (Dolja et al.,
1997). The SacII and KpnI restriction endonuclease sites
were included into PCR primers and used for one-step
cloning of the DNA fragments encoding BYV CP, CPm,
and p20 into pTEV-NH and pTEV-F. Likewise, the CP ORF
flanked with NcoI and KpnI sites was inserted into ap-
propriately digested pTEV-CH. The nucleotide se-
FIG. 2. Purification and immunochemical detection of the recombinant histidine-tagged proteins. (A) 15% SDS–PAGE after separation of size
markers (M) and histidine-tagged recombinant proteins including BYV p20, CPF (BYV CP fused with TEV HC-Pro), and CPmF (minor BYV CP fused
with TEV HC-Pro). All proteins were eluted from Ni21-NTA resin, and the gel was stained with Coomassie brilliant blue R-250. (B) Immunoblot analysis
of the eluted BYV p20, TEV HC-Pro (described by Blanc et al., 1998), and CPF using antihistidine tag monoclonal antibodies. (C) Immunoblot analysis
using anti-BYV serum. Lane CP, protein extract from BYV-infected plants; lane CPN, extract from plants infected by TEV expressing BYV CP that was
histidine-tagged at its N terminus; lane CPC, eluted BYV CP that was histidine-tagged at its C terminus; lane CPF, eluted CPF; lane TEV, denatured
TEV particles isolated from plants infected by recombinant TEV expressing BYV CP. Different mobility of the CPN and CPC presumably depends on
the anomalies in migration rate of the proteins with different location of the histidine tag. (D) Immunoblot analysis of the eluted CPF, CPmF, LFN (fusion
of N-terminal domain of the BYV L-Pro with truncated TEV HC-Pro), and p20F (fusion of BYV p20 with TEV HC-Pro) using anti-HC-Pro serum.
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quences of a number of primers used for plasmid gen-
eration are available upon request. The procedures used
for in vitro generation of RNA transcripts, inoculations of
Nicotiana tabacum cv. ‘‘Xanthi nc’’ plants, ELISA and
immunoblot analyses were as described (Dolja et al.,
1997).
Isolation of the histidine-tagged proteins from the
infected plants
Symptomatic leaves (usually 3 g) were cut from plants
ca. 2 weeks postinoculation and ground in a mortar in 2
volumes of ice-cold buffer A (100 mM Na-phosphate, pH
8.0; 10 mM Tris–HCl, pH 8.0; 200 mM NaCl; 10 mM
b-mercaptoethanol; 0.2% sodium sulfite; 1 mM PMSF).
After 10-min centrifugation at 6000 g, the clarified extract
was supplemented with 10 mM imidazole, and its pH
was adjusted to 9.0 with NaOH. The resulting extract
was subjected to ultracentrifugation for 45 min at 30,000
rpm (Beckman SW40 rotor), and the supernatant was
mixed with 0.6 ml Ni21-NTA agarose (Qiagen) equili-
brated with buffer B (same as buffer A with addition of 10
mM imidazole, pH 9.0), and kept on ice for 1 h with
occasional mixing. The slurry was packed into a 1-ml
column and washed with 20 ml of buffer B at room
temperature. The protein was eluted with buffer B con-
taining 250 mM imidazole and analyzed on a SDS-con-
taining 15% polyacrylamide gels. After separation, gels
were stained with Coomassie brilliant blue R-250
(Sigma) or subjected to immunoblot analysis. The poly-
clonal antisera to TEV CP and HC-Pro were obtained
from James C. Carrington, whereas anti-BYV CP anti-
serum was a gift from Bryce W. Falk. The monoclonal
antibodies to histidine tag were purchased from Clon-
tech. All immunoblot analyses were conducted using
1:1000 dilution of antibodies.
ACKNOWLEDGMENTS
We thank James Carrington and Theo Dreher for helpful discussions.
We also thank Bryce Falk and James Carrington for providing antisera
to BYV and TEV proteins and Thomas Pirone for conducting aphid
transmission tests. The assistance of Cheryl Whistler and Chris Sund-
berg in generation of some pTEV variants is greatly appreciated. This
research was supported by grants from the U.S. Department of Agri-
culture (NRICGP 97–35303-4515) and the National Institutes of Health
(R1GM53190B) to V.V.D.
REFERENCES
Agranovsky, A. A., Boyko, V. P., Karasev, A. V., Lunina, N. A., Koonin, E. V.,
and Dolja, V. V. (1991) Nucleotide sequence of the 39-terminal half of
beet yellows closterovirus RNA genome: Unique arrangement of
eight virus genes. J. Gen. Virol. 72, 15–23.
Agranovsky, A. A., Koonin, E. V., Boyko, V. P., Maiss, E., Frotschl, R.,
Lunina, N. A., and Atabekov, J. G. (1994). Beet yellows closterovirus:
complete genome structure and identification of a leader papain-like
thiol protease. Virology 198, 311–324.
Agranovsky, A. A., Lesemann, D. E., Maiss, E., Hull, R., and Atabekov,
J. G. (1995). ‘‘Rattlesnake’’ structure of a filamentous plant RNA virus
built of two capsid proteins. Proc. Natl. Acad. Sci. USA 92, 2470–
2473.
Allison, R., Johnston, R. E., and Dougherty, W. G. (1986). The nucle-
otide sequence of the coding region of tobacco etch virus
genomic RNA: Evidence for a synthesis of a single polyprotein.
Virology 154, 9–20.
Blanc, S., Dolja, V. V., Llave, C., and Pirone, T. P. (In press). Histidine-
tagging and purification of tobacco etch potyvirus helper component.
J. Virol. Methods.
Callis, J. (1995). Regulation of protein degradation. Plant Cell 7, 845–857.
Carrington, J. C., Haldeman, R., Dolja, V. V., and Restrepo-Hartwig, M. A.
(1993). Internal cleavage and trans-proteolytic activities of the VPg-
proteinase (NIa) of tobacco etch potyvirus in vivo. J. Virol. 67, 6995–
7000.
Chapman, S., Kavanagh, T., and Baulcombe, D. (1992). Potato virus X as
a vector for gene expression in plants. Plant J. 2, 549–557.
De Jong, W., and Ahlquist, P. (1992). A hybrid plant RNA virus made by
transferring the non-capsid movement protein from a rod-shaped to
an icosahedral virus is competent for systemic infection. Proc. Natl.
Acad. Sci. USA 89, 6808–6812.
De Mejia, M. V. G., Hiebert, E., Purcifull, D. E., Thornbury, D. W., and
Pirone, T. P. (1985). Identification of potyviral amorphous inclusion
protein as a non-structural, virus-specific protein related to helper
component. Virology 142, 34–43.
Dolja, V. V., McBride, H. J., and Carrington, J. C. (1992). Tagging of plant
potyvirus replication and movement by insertion of b-glucuronidase
(GUS) into the viral polyprotein. Proc. Natl. Acad. Sci. USA 89, 10208–
10212.
Dolja, V. V., Herndon, K., Pirone, T., and Carrington, J. C. (1993). Spon-
taneous mutagenesis of a plant potyvirus genome after insertion of
a foreign gene. J. Virol. 67, 5968–5975.
Dolja, V. V., Karasev, A. V., and Koonin, E. V. (1994). Molecular biology
and evolution of closteroviruses: sophisticated build-up of large RNA
genomes. Annu. Rev. Phytopathol. 32, 261–285.
Dolja, V. V., Hong, J., Keller, K. E., Martin, R. R., and Peremyslov, V. V.
(1997). Suppression of potyvirus infection by coexpressed clostero-
virus protein. Virology 234, 243–252.
Donson, J., Kearney, M. E., Hilf, M. E., and Dawson, W. O. (1991).
Systemic expression of a bacterial gene by a tobacco mosaic virus-
based vector. Proc. Natl. Acad. Sci. USA 88, 7204–7208.
Dougherty, W. G., and Carrington, J. C. (1987). Expression and function
of potyviral gene products. Annu. Rev. Phytopathol. 26, 123–143.
Dougherty, W. G., and Semler, B. L. (1993). Expression of virus-encoded
proteinases: Functional and structural similarities with cellular en-
zymes. Microbiol. Rev. 57, 781–822.
Falk, B. W., and Bruening, G. (1994). Will transgenic crops generate new
viruses and new diseases? Science 263, 1395–1396.
Gal-On, A., Kaplan, I. B., and Palukaitis, P. (1996). Characterization of
cucumber mosaic virus. II. Identification of movement protein se-
quences that influence its accumulation and systemic infection in
tobacco. Virology 226, 354–361.
Giesman-Cookmeyer, D., Silver, S., Vaevhongs, A. A., Lommel, S. A., and
Deom, C. M. (1995). Tobamovirus and dianthovirus movement pro-
teins are functionally homologous. Virology 213, 38–45.
Koonin, E. V., and Dolja, V. V. (1993). Evolution and taxonomy of positive-
strand RNA viruses: Implications of comparative analysis of amino
acid sequences. Crit. Rev. Biochem. Mol. Biol. 28, 375–430.
Kunkel, T. A., Roberts, J. D., and Zakour, R. (1987). Rapid and efficient
site-specific mutagenesis without phenotypic selection. Methods
Enzymol. 154, 367–382.
Mushegian, A. R., and Shepherd, R. J. (1995). Genetic elements of
plant viruses as tools for genetic engineering. Microbiol. Rev. 59,
548–578.
Oparka, K. J., Boevink, P., and Santa Cruz, S. (1996). Studying the
movement of plant viruses using green fluorescent protein. Trends
Plant Sci. 1, 412–418.
Padgett, H. S., Epel, B. L., Kahn, T. W., Heinlein, M., Watanabe, Y., and
273POTYVIRUS GENE VECTORS
Beachy, R. N. (1996). Distribution of tobamovirus movement protein in
infected cells and implications for cell-to-cell spread of infection.
Plant J. 10, 1079–1088.
Peremyslov, V. V., Hagiwara, Y., and Dolja V. V. (1998). Genes required
for replication of the 15.5-kilobase RNA genome of a plant clostero-
virus. J. Virol. 72, 5870–5876.
Riechman, J. L., Lane, S., and Garcia, J. A. (1992). Highlights
and prospects of potyvirus molecular biology. J. Gen. Virol. 73,
1–16.
Rommens, C. M. T., Salmeron, J. M., Baulcombe, D. C., and Stas-
kawicz, B. J. (1995). Use of a gene expression system based on
potato virus X to rapidly identify and characterize a tomato
Pto homolog that controls fenthion sensitivity. Plant Cell 7, 249–
257.
Scholthof, H. B., Scholthof, K. B. G., and Jackson, A. O. (1995). Identifi-
cation of tomato bushy stunt virus host-specific symptom determi-
nants by expression of individual genes from a potato X vector. Plant
Cell 7, 1157–1172.
Scholthof, H. B., Scholthof, K. B. G., and Jackson, A. O. (1996). Plant virus
gene vectors for transient expression of foreign proteins in plants.
Annu. Rev. Phytopathol. 34, 299–323.
Simon, A. E., and Bujarsky, J. J. (1994). RNA–RNA recombination and
evolution in virus-infected plants. Annu. Rev. Phytopathol. 32, 337–
362.
274 DOLJA ET AL.
